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PROGRESS DURING REPORT PERIOD 
The computer program used for  the predict ion of admittances 
of slowly-converging nozzles has been checked out and i s  operational, 
An investigation of osc i l l a tory  flo18rs i n  rapidly-converging nozzles 
is  encountering d i f f i c u l t i e s  sa t i s fy ing  the imposed boundary condi- 
t ions.  Various numerical schemes for  circumventing t h i s  d i f f i cu l ty  
a re  being considered. The checlrout of the analog-to-digital data 
reduction program has been continued and i s  being f inal ized.  
Twenty-one nozzle t e s t s  have been conducted during t h i s  report  
period. 
B. Theoretical Studies 
The computer program used fo r  the prediction of admittances 
of slowly-converging nozzles has been checked out and i s  operational,  
The computation of theore t ica l  admittance values has been delayed by 
a heavy t e s t  and data analysis schedule and by the need t o  recheck 
the mathematical derivations t ha t  a r e  used i n  the development of the  
nozzle admittance theory. This check i s  near completion and i t  will 
be followed by computations of the theore t ica l  nozzle admittances. 
The next Quarterly Progress Report w i l l  show comparisons between 
theoret ical  admittance values and experimental a&-ittance values. 
A p a r a l l e l  study i s  concerned with the develop~ent  of an 
analyt ical  technique for  the prediction of the a6mittances of 
rapidly-converging nozzles. Recent e f for t s  i n  t h i s  area concentrated 
on the development of an appropriate numerical solution technique. 
The chosen numerical solution technique uses an i t e r a t i o n  scheme 
whose aim i s  t o  minimize the e r ror  t ha t  i s  associated with previous 
i t e r a t i ons .  Application of t h i s  technique t o  pred ic t  the nozzle 
admittance i n  the case of ax i a l  osc i l l a t ions  has experienced 
considerable d i f f i cu l t i e s ;  the l a t t e r  were traced t o  the numerical 
treatment of the  problem's boundary conditions. Present e f f o r t s  
i n  t h i s  area  are  concerned with the development of  improved 
ana ly t ica l  means fo r  numerically s a t i s fy ing  the  imposed boundary 
conditions. 
The checkout of the  analog-to-digital  data reduction program 
has been continued. The purpose of t h i s  program i s  twofold. F i r s t ,  
the  program w i l l  reduce the time associated trith t he  data reduction 
process from 7X) minutes t o  12 minutes. Second, the  program scheme 
( i .  e . ,  Fourier analysis  of d ig i t i zed  data) i s  the  best  aiay t o  obtain 
accurate phase data,  which i s  pa r t i cu l z r l y  importent i n  l i n e r  s tud ies .  
The checkout scheme ca l led  fo r  the determination of the  frequency, 
amplitude, and phase resolut ion of "unknown" s ignals  with the  fol?*crwiag 
charac te r i s t i cs :  a simple per iodic  signal;  a complex per iodic  s ignal ;  
and a nonperiodic s ignal .  
The r e s u l t s  of the  simple periodic s i gna l  checkout compared 
well with the reference s igna l .  For example, the  maximum amplitude 
and phase e r ro r  encountered was 0 .Z$ and 0.02410, respectively.  The 
frequency e r ror  was 0.0'&. The r e su l t s  of the  complex per iodic  
s i gna l  ( i  .e . ,  a given per iodic  s i gna l  with noise) showed t h a t  the  
maximum amplitude and phase e r ro r  increased t o  3% and 6414> respec- 
t i ve ly ,  when the s igna l  amplitude and the  noise amplitude s e r e  
equal. Iken the s i gna l  amplitude sras 100 times greater  than the  
noise amplitude, the amplitude and phase e r ro r  decreased t o  0.3% 
and 0 .08%~ respect ively .  Inasmuch as  OFT s igna l  amplitudes cons ti- 
t u t e  an important a rea  of data reduction, r.rork has been i n i t i a t e d  
t o  improve the  resolut ion of  the  s ignal .  The checkout of the 
complex per iodic  s igna l  and nonperiodic s igna l  should be completed 
soon; consequently, the  analog-to-digital  data  reduction program 
should be operational  by the  next Quarterly Progress Report. 
C.  Experimental Investigations 
%renty-one t e s t s  were conducted during t h i s  repor t  period. 
Five t e s t s  srere conducted f o r  system checkout. Ten t e s t s  were 
conducted f o r  nozzle sdmittance data  i n  a frequency range t h a t  include 
two-dimensional and three-dimensional rraves. One of these  t en  t e s t s  
rras conducted r..ithout f l o r ~  i n  the  chanber. S ix  t e s t s  uere conducted 
for  nozzle admittance data  i n  the frequency range of the  one-dimensional 
( i .  e . , axia l )  waves. 
It was reported i n  the  l a s t  Querterly Progress Report t h a t  an 
inconsistency had recen t ly  a r i s en  i n  the data  and t h a t  a ser ious  valve 
f a i l u r e  had occurred. The valve had t o  be returned t o  the  Cal i fornia  
manufacturer f o r  r epa i r .  After  the  valve was repaired and i n s  t a l l e d  
i n t o  the  system, f i v e  t e s t s  arere conducted t o  checkout the system. 
Tlie data  inconsistency ?;as t raced t o  a bad thermocouple; consequent Eg , 
t en  t e s t s  t h a t  had previously been conducted had t o  be inval idated.  
T'ne thermocouple tras replaced and t he  flow system tras readjusted f o r  
the  new operating cha rac t e r i s t i c s  of the  valve. Testing was resumed. 
Ten t e s t s  'irere conducted t o  obta in  admittance data  associated 
~ . i t h  nozzles rrith ccnvergent half-ansles of  15, 30, and 45 degrees, 
r a d i i  of  curva' ure ( i .  e . ,  the  radius of curvature a t  the chamber i s  
equal t o  the  radius  of curvature a t  the throat )  of 2.5 and 5.7 inches,  
and e n t r a x e  Mach number of 0.08 and 0.16. Some of the  r e s u l t s  are 
presented herc ine  
Before presenting t'nese r e s u l t s ,  a b r i e f  review of bacligrou~ld 
information i s  included t o  r e l a t e  t o  t he  reader liorf the  measurement 
of  sound ytrave amplitudes can provide the nozzle admittance. 
The s ta rd ing  wave p a t t e r n  ins ide  the chamber d-3pe:lds upon t h e  
i n t e r ac t i on  of tile incident  vzve and the  r e f l e c t ea  rrdve rfnich i n  tczn  
depend upon tl12 amplltud.? and phase change upon r e f l e c t i on  from the 
end termination. Tnis statelvent introduces the  two parameters, @ and 
8, which serve t o  de f i r ?  the  a d m i t t a ~ c e  of the termination and appear 
i n  the expression t h a t  r e l a t e s  the s o w d  pressure aiiprhere i n  the  
chamber t o  the  IqIach numbei , the  frequency, and the ve loc i ty  of  sound. 
1 It can 'be sho~rn t h z t  the  amplitude clisnge upon ref leckion i.s 
a function of whereas the  phase change i s  a function of 3 .  It i s  
shown i n  Reference 1 t h a t  the r a t i o  o f  the  r e f l e c t ed  amplitude PR t o  
the  incident  amplitude P a t  the  locat ion whose admittance i s  I 
measured i s  given by the  f o l l o t ~ n g  e ~ r e s s i o n  
A similar re la t ionsh ip  f o r  the  sound energy, W, i s  given'by 
\hen  W = 0, both energies a r e  equal implying t ha t  no sound energy 
i s  l o s t  from the  system. then = ", no re f lec ted  wave i s  present  
implying t ha t  a l l  the  sound energy i s  removed from the  system. The 
1 phase change upon r e f l ec t i on  8 i s  given by : 
where 9 must s a t i s f y  the  following re la t ionship  -0.5 5 P 2 0.5. 
The values of and P a re  determined with the a id  of the  
fo l l o~ r ing  expression t ha t  describes the behavior of the  standing 
wave p a t t e r n  ins ide  the tube : 
where 
( z )  1 : magnitude of the  pressure a t  the point  z , r  , e ,  
p s i a  (RMS) 
Po : amplitude of the  pressure o s c i l l a t i o n  a t  the  driven end of the ch~mber, p s i a  (RMS) 
J, ( x) : Bessel function of f i r s t  kind of order m 
Smn : t ransverse mode eigenvalue 
m : index counting the  nurdber of diametrical  nodel 
surfaces i n  the  transverse o sc i l l a t i ng  pa t t e rn  
n : index counting the nunber of r a d i a l  nodal 
surfeces i n  the t r a ~ ~ s v e r s e  o sc i l l a t i ng  pa t te rn ,  
d : distance from the nozzle entrance, f t  
1 :   rave length, f t  
Equation (4) contains three unkno~ms: Po, a ,  and P. Consequently, 
i f  three pressure measurements m e  taken, each c t  a dif ferent  ax i a l  
posi t ion,  then these three pressures can be used togetlier sJith 
Equation (4) t o  simultaneously solve fo r  Po, and ?. 
Typical exgerimental values of a and 3 determined by such a 
scheme are  sholin i n  Figure 1. The nondimensional angular frequency, 
s ,  i s  the independent variable ~rhere 
and f i s  the frequency of o sc i l l a t i on  (cycles/sec), r i s  the 
C 
chamber radius ( f t ) ,  and c i s  the speed of sound (ft/sec) i n  the 
chamber. The iiozzle used t o  ~ e n e r s t e  t h i s  data has n 15' half-  
angle, entrance Mach number of 0.08, and r a d i i  of curvature of 2.5 
inches. The 1 0 x 7  value of a ,  over the en t i r e  range of s ,  s u ~ g e s t s  
t ha t  l i t t l e  sound enercy i s  transmitted out of the system by th i s  
nozzle. Ho~~ever,  the pliase change upon re f lec t ion  i s  s ign i f ican t .  
Once the parameters a and 9 have been determined, they are  
used to  determine the nozzle admittance '?I r:hich i s  given by the 
re la t ions  hip 2 
w : angular frequency, radians/sec 
c : speed of sound, f t / sec  
r : chamber radius ,  f t  
C 
M : steady s t a t e  chamber Mach number 
2 
g gr~ .v i t a t i ona l  constant, ( lbm-i t )  / ( lbf-sec ) 
p : gas density,  l b  / f t  3 
1 m 3 (p  PC) : cha rec t e r i s t i c  impedance of the  gas, f'c /(lbf-sec) 
- 
2 
r = ta&(nc)) 2 sec2((n3) 2 + 1 (F) 
tanh ( 7 ~ ~ 1 )  -I- tan  (773) a C 
2 
s ech (nu) t2n ( ~ 2 )  7 = 2 tanh (n@) )+ t;in2(n9) 
Figures 2 and 3 show the  r e a l  and imazinary p a r t s  of the  
experimental admittance obtained from the  and 3 data. presented 
i n  Figure 1. For s 5 2.6, the  r e a l  p a r t  of the  admittance has a 
small constant value rrhile the  imaginary p a r t  decreases a t  a 
constant r a t e .  FoY s > 2.6, the  r e a l  poOrt of the  adnzittance 
increases and the r a t e  of change of the  imaginary p a r t  ~ ~ 6 t h  
respect  t o  s f luc tuz tes  considerably. 
Hereafter ,  the three-dimensional admittance r e s u l t s  r i i l l  
be presented fo r  the nozzles shotrn i n  the  follorring tcibulation: 
* 
Radii of Curvature = 5.7 inches ( a l l  others = 2.5 inches) 
Table I. Nozzle Configurations 
Since they a re  of l i t t l e  i n t e r e s t  i n  engine design, the  measured 
values of @ and 2 r r i l l  not be considered i n  the following discus- 
s ion t h a t  r r i l l  only consider tlie measured nozzle admittances. 
The e f f ec t  of the  convergent half-angle upon the  r e a l  and 
imaginary p a r t s  of the  admittance can be determined by examining 
the  t e s t  r e s u l t s  obtained with nozzles 3, 4, and 5. These r e su l t s  
a re  shot~n i n  Figures 4 and 5 .  For s 2.6, the  r e a l  p a r t  of the  
admittance i s  independent of the  half-angle. For s > 2.6, the  
30' and 45' nozzles do not exhibi t  the behavior of the  15' nozzle, 
vhich has much higher admittance values i n  tinis range than i n  the 
previous range. The imaginary p a r t  of the admittance, shown i n  
Figure 5 ,  indicates  a s imilar  cha rac t e r i s t i c  f o r  these three 
nozzles; namely, the  30' and 45' nozzles do not exhibi t  the 
behavior of the  15' nozzle. 
A comparison of the  t e s t  r e s u l t s  of nozzles 2 and 3 
substant ia tes  tile admittance r e s u l t s  associated 1 6 t h  the  15' 
nozzles and indicates  the e f f ec t  of radius of curvature on the  
admittance. These r e s u l t s  a r e  shorrn i n  Figures 6 and 7. Figure 
6 shoirs s imilar  "spikes" associated with the r e a l  p a r t  of the  
admittance. However , increasing the  radius of c~lrvature  has not 
only decreased the  frequency a t  'irhicl? t'nis e f f e c t  begins t o  occur 
but  a l so  increased the  number of spikes.  Figure 7 sho~rs an 
increase i n  the radius of curvature causes a s imilar  frequency 
s h i f t  i n  the  i m a ~ i n a r y  p a r t  of the admittance. 
Before proceeding ~ ! i t n  the  discussion of addi t ional  t e s t  
r e s u l t s ,  it i s  of i n t e r e s t  t o  compare the  t e s t  r e s u l t s  i n  F i ~ u r e s  4 
through 7 with the  theore t ica l  predictions3 avai lable  a t  t h i s  time. 
Qua l i t a t ive ly ,  the  t e s t  r e s u l t s  a r e  i n  agreement rrith the theore t ica l  
predic t ions .  During the  next repor t  period,  the theory presented i n  
Reference 3  rill be used to  p red ic t  the  admittances of the nozzles 
t es ted  i n  t h i s  promcam and comparisons of t heo re t i c e l  vs. experi- 
mental admittance values w i l l  be presented. 
The e f f ec t  of Mach number upon the  r e a l  and imaginary pa r t s  
of the  nozzle admittance i s  shown i n  Figures 8 and 9 f o r  nozzles 
5 and 6. These f igures  suggest the  Mach number has l i t t l e  
influence on the edmittance of these nozzles. Future t e s t i n g  
with the  15' and 30' nozzles 1ri.11 determine irhether the above 
conclusion i s  applicable t o  a l l  n ~ z z l e s .  
EXPECTED PROGRESS DURING PJEXT REPORT PEBIOD 
The t heo re t i c a l  admittance values s r i l l  be determined Tor 
the  t e s t ed  nozzles and compared trith the  experimental values. 
The analysis  concerned with the admittance of rap id ly  converging 
nozzles t r i l l  continue. Barring any unexpected d i f f i c u l t i e s ,  the  
analog-to-digital  data  reduction program ? r i l l  be operational .  The 
t e s t i n s  of nozzles ~ L i t h  an entrance Mach number of 0.16 w i l l  be  
completed and the  t e s t i n g  of the 0.24 nozzles \ r i l l  be i n i t i a t e d .  
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Figure 1. Experimentally Determined Values oS cr and 8 .  








